Abstract-Post-harvest techniques play an important role in modern agricultural industry. One of these essential post-harvest techniques is the grain drying process. However, this process is characterized by its high complexity and nonlinearity due to the effects of several drying parameters. Therefore, conventional modelling approaches cannot produce accurate modelling results to describe the dynamics of this challenging process. This paper presents a nonlinear modelling technique to develop a highly accurate model for a laboratory-scale conveyor-belt grain drying system. In particular, this modelling technique is based on utilizing the sigmoid network as a nonlinearity estimator in a nonlinear autoregressive with exogenous input (NARX) model. As the training samples, a set of experimental input-output data was used in the model development process. This data set was collected from the conveyor-belt grain dryer during a real-time experiment to dry paddy (rough rice) grains. Compared to other previously reported modelling techniques which were applied for the same drying process, the proposed sigmoid-based NARX model has achieved the best modelling accuracy in describing the grain drying process. More precisely, the proposed model has achieved a root mean squared error (RMSE) of 2.776 × 10 -17
INTRODUCTION
The grain drying process represents one of the most important post-harvest techniques in modern agricultural industry. This process aims at drying freshly harvested agricultural grains down to certain moisture content (MC) level that prevents grain deterioration caused by the high moisture levels in the harvest period, and consequently guarantees safe storage conditions for the grains. It is well known that rice is one of the most important staple food in the world. In countries that produce paddy (rough rice) grains, in particular countries with humid tropical climates, paddy grains are normally harvested with high MC between 20% and 25% wet basis (wb) [1, 2] . However, these moisture levels motivate microorganism growth and increase respiration rate. In order to handle this undesirable situation, paddy grains must be dried to MC levels of 12-14% (wb) to insure long storage life [2] . In this context, paddy drying, which is a highly energy-consuming process, has significant effect on the final rice quality [1, 2] . Therefore, in order to save energy and improve product quality, there has been an increased interest in improving the grain drying process in recent years. In this regard, efficient modelling and control of the grain drying process contribute significantly in improving the overall drying performance [3, 4] . However, despite this importance for the grain drying modelling and control, only few researchers have considered improving the drying control system. The primary reason for this fact can be attributed to the complexity of the mathematical models which were developed for the grain drying process. Due to this complexity, highly complicated numerical techniques were required to simulate these models. Furthermore, most of these models were specifically derived for certain dryer shape and for specific size and physical properties of the grains to be dried. All these observations limit the possibility of utilizing these models in control system design. This is particularly true for the models developed for conveyor-belt grain dryers. For example, a highly complicated mathematical model was developed in [5] to describe the dynamics of a conveyor-belt grain dryer to dry raisins. This model was represented by 17 equations, which include partial differential equations (PDEs), ordinary differential equations (ODEs), and other intermediate algebraic equations. This model was solved by a complex numerical technique to obtain several linear transfer function (TF) models which were used in dryer control system design. The model in [5] was expanded later on in [6] to be a multiinput multi-output (MIMO) model. This MIMO model comprises 25 equations, including PDEs, ODEs, and several algebraic equations. As in [5] , this MIMO model was used to obtain several linear TF models for control system design. A drawback of the above works is that the control design was based on linear TF models and not on the original nonlinear model, not to mention the complexity of the 25-equation based model and its numerical solution method. In another work [7] , a conveyor-belt corn dryer was modelled by four PDEs and several algebraic equations. Zanoelo et al. [8] developed a firstorder PDE semi-empirical model for a conveyor-belt dryer to dry mate leaves. Utilizing the same dryer in [8] , Jensen et al. [9] proposed an empirical soft-sensor model to be used in designing linear dryer controllers.
It is worth to highlight that the grain drying models in the above works were developed based on several assumptions to describe the drying process. These assumptions limit the model ability in describing the real drying process. Moreover, the above models were developed for certain types of dryers in which specific agricultural grains are dried. Therefore, they are not applicable for other types of dryers and agricultural grains. All these issues limit the possibility of utilizing such models in control system design.
One attractive solution to handle the above difficulties is represented by using system identification techniques to develop the dryer model. In this case, the resulting models can be easily used in control system design. Utilizing this modelling strategy, the researchers in [10] [11] [12] exploited the potential of adaptive neuro-fuzzy inference system (ANFIS) to model the grain drying process. Moreover, Mansor et al. [13] [14] [15] derived a linear TF model for the same dryer considered in [10] [11] [12] . However, the modelling approaches applied in the above works did not produce sufficient modelling accuracy for the drying process.
In recent years, the sigmoid network has been successfully applied in the modelling of various nonlinear systems [16] [17] [18] [19] . However, this powerful nonlinear network has not been exploited in the grain drying modelling field. In this work, a highly accurate model is developed to describe the dynamics of the conveyor-belt grain dryer considered in [10] [11] [12] [13] [14] [15] . This model is represented by a sigmoid-based NARX network, which has achieved the best modelling performance compared to the modelling approaches mentioned above. It is worth mentioning that the proposed modelling approach can be directly applied to model the drying system regardless of the dryer shape, and moreover regardless of the size and physical properties of the grains to be dried. Furthermore, the resulting model can be easily employed in control system design. The rest of this paper is organized as follows. The experimental setup of the conveyor-belt grain dryer is given in Section 2. Section 3 discusses the model development process using the sigmoid-based NARX network. The modelling results of the developed model along with comparison results with other methods are presented in Section 4. Finally, Section 5 gives the concluded remarks of this paper.
II. EXPERIMENTAL SET-UP OF THE CONVEYOR-BELT GRAIN DRYER
The dryer under consideration is a laboratory-scale conveyor-belt grain dryer which can be used to dry paddy grains [10] [11] [12] . Fig. 1 shows the general configuration of this dryer. As shown in Fig. 1 , the dryer has a rectangular shape with inlet and outlet openings to enter the wet grains and receive the dried ones, respectively.
Inside the dryer, there is a conveyor belt made of a perforated metal to permit for direct contact between wet grains and drying air. In the drying operation, wet paddy grains are entered from the inlet opening and distributed evenly on the belt surface. The drying air is applied evenly at the wet grains using pipes located under the conveyor-belt, see Fig. 1 . This drying air is produced by a blower which supplies ambient air through a pipe to an electric heater positioned beneath the conveyor belt. The speed of the conveyor belt can be controlled by applying specific voltage value to the driver circuit of a motor connected to the belt. The connection between the dryer and the computer is established by a data acquisition system (DAQ), in particular an NI USB-6211 DAQ. A calibrated moisture analyser (MA), namely XM 120 MA, is used to measure the MC of the dried grains.
In order to develop the dryer model, a data-collecting experiment was conducted in [11] during a real-time paddy drying experiment. The result of this experiment was a set of input-output data which can be used to develop the dryer model. In this input-output data set, the input variable represents a voltage signal with different amplitudes applied to the driving circuit of the dryer motor. More precisely, each voltage level in this input signal drives the belt at a certain speed. On the other hand, the output variable of the inputoutput data set represents the MC value (in wb) of each sample in the experiment. Other details of this experiment can be found in [11] . Fig. 2 shows the input-output data samples collected from the paddy drying experiment [10] [11] [12] .
Utilizing the input-output data set illustrated in Fig. 2 , a sigmoid-based NARX network is used in this work to model the drying process. The details of this sigmoid-based NARX network are given in the following section. 
III. DEVELOPMENT OF THE SIGMOID-BASED NARX MODEL
The NARX network uses a combination of past output and input values, which are called model regressors, to describe a nonlinear system. More specifically, the NARX network can be defined by the following equation [20] [21] [22] :
where na and nb are the number of past outputs and inputs, respectively, t d is the delay time before the input can affect the output, y(k-1) and u(k-t d ) are the system output and the input signal at time samples k-1 and k-t d , respectively, and f [.] is a nonlinear mapping function which is used to compute the estimated NARX output (k). This nonlinear mapping function can be represented by several types of nonlinear networks. However, from several evaluation tests and comparisons with other nonlinear networks, the sigmoid network has achieved the best modelling results for the conveyor-belt grain dryer considered in this work.
To describe the function of the sigmoid-based NARX network, let y = F(x), where y is a scalar which represents the NARX output and x is an m-dimensional row vector representing input and output regressors to the model. Then, the function F(x) can be defined as [23] :
where f is the sigmoid function, which has the following equation:
In (2), P and Q are projection matrices, r is a vector representing the mean value of the regressor vector, L and b are vectors, and finally, a, c, and d are scalar parameters. In this work, the Gauss-Newton search method, within the MATLAB function nlarx [23] , was used to find the optimal values for all the adjustable parameters in (2) . As the model regressors, two past values for both the output and the input variables with two samples delay were used, in other words, na = 2, nb = 2, and t d = 2 in (1).
IV. SIMULATION RESULTS
The modelling accuracy of the optimized sigmoid-based NARX model was evaluated by the root mean squared error (RMSE) criterion, which cab be described by the following equation: (4) where N is the number of samples, y(k) and (k) are the real system output and the estimated sigmoid-based NARX output at sample k, respectively. Fig. 3 demonstrates the modelling result achieved by the sigmoid-based NARX network to describe the grain drying process. Because the outputs of the real dryer and the NARX model are almost identical, ×-marks were used to represent the output of the NARX model in Fig. 3 .
Referring to Fig. 3 , it is evident that the developed sigmoidbased NARX model has achieved a remarkable accuracy, in particular a RMSE of 2.776 × 10 -17 , in modelling the conveyorbelt grain dryer considered in this work. Moreover, the autocorrelation test between the output and the residuals and the cross-correlation test between the input and the residuals were all within the 95% confidence interval.
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Number of sampling event (k) In order to compare this modelling result with that achieved by the ANFIS network used in [10] [11] [12] , Fig. 4 illustrates the outputs of both the ANFIS model and the real dryer.
As indicated in Fig. 4 , the modelling performance of the ANFIS network employed in [10] [11] [12] was inferior to that of the sigmoid-based NARX network proposed in this work. In particular, the ANFIS network has achieved a RMSE of 1.635 × 10 -3 in representing the dryer model.
In addition, in order to compare the modelling result of the sigmoid-based NARX network with that accomplished by the linear transfer function model used in [13] [14] [15] , the FIT performance index is used, since it was used in the above references. This performance index can be represented by the following expression:
where Y and are vectors representing the real system outputs and the estimated model outputs, respectively, and Y is the mean value of Y. Using this performance index, a model which generates the smallest value of prediction error would best represent the real system [16] . In this regard, the linear TF model used in [13] [14] [15] has achieved a best FIT of 66.29%. On the other hand, the proposed sigmoid-based NARX model has achieved a best FIT of 99.74%. Besides the better modelling result achieved by the developed nonlinear model, it is well known that most dynamical systems can be better represented by nonlinear models and not by linear ones, such as the TF model developed in [13] [14] [15] . This is because, unlike linear models, the nonlinear models have the ability to describe the global behaviour of the system over the whole operating range [24] .
From the above comparative results, it is obvious that the sigmoid-based NARX network has shown its superiority over other methods in describing the dynamics of the conveyor-belt grain dryer under consideration.
V. CONCLUSIONS
In this paper, a highly accurate model was developed for a conveyor-belt grain drying system. As an efficient nonlinear network, a sigmoid network was utilized to estimate the nonlinear mapping function of a NARX network. In the model development process, a set of input-output data was used to train the sigmoid-based NARX network. This data set was collected from the conveyor-belt grain dryer during a real-time experiment to dry paddy (rough rice) grains. The developed model has accomplished the best modelling performance in describing the grain drying process compared with other previously reported modelling techniques which considered the same dryer. More precisely, the proposed model has achieved a RMSE of 2.776 × 10 -17 . Unlike previous efforts to model conveyor-belt grain drying systems, the advantage of the proposed modelling technique is that it can be directly applied to model the drying system regardless of the dryer shape, and moreover regardless of the size and physical properties of the grains to be dried. Furthermore, the resulting model can be easily employed in control applications to design suitable controllers for the grain drying systems. 
